The pandemic tendency of obesity and its strong association with serious co-morbidities have elicited interest in the underlying mechanisms of these pathologies. Lipid homeostasis, closely involved in obesity, has been reported to be regulated by multiple pathways. mTORC1 is emerging as a critical regulator of lipid metabolism. Here, we describe that the consumption of soy isoflavones, with a structural similarity to that of estradiol, could mitigate obesity through an AKT/mTORC1 pathway. Fed with soy isoflavones, the diet-induced obesity (DIO) male rats exhibited decreased body weight, accompanied with suppressed lipogenesis and adipogenesis, as well as enhanced lipolysis and β-oxidation. The phosphorylation of AKT and S6 were decreased after soy isoflavone treatment in vivo and in vitro, suggesting an inhibition effect of soy isoflavones on mTORC1 activity. Our study reveals a potential mechanism of soy isoflavones regulating lipid homeostasis, which will be important for obesity treatment.
Introduction
Substantial literature has reported that overweight and obesity are major causes of co-morbidities [1, 2] , which can lead to further morbidity and mortality caused by diabetes [3, 4] , fatty liver [5] , hypertension [6] , cardiovascular diseases [7] , and cancer, etc. [8] . Increasing clinical studies have detected damage, inflammation, and metabolic disorders in the liver of obesity patient, but the pathogenesis of obesity remains largely unknown [9, 10] . The liver acts as a major organ for fatty acid metabolism, including synthesis, transport, and oxidation processes. The imbalance of these processes may cause excessive fatty acid accumulation, resulting in obesity.
mTOR is an evolutionarily-conserved serine/threonine kinase that exists within two functionally distinct protein complexes, the mechanistic target of rapamycin complexes 1 (mTORC1) and 2 (mTORC2) [11] . mTORC1 could sense systemic and local nutrient and energy availability, to control a
Results

Soy Isoflavones Exhibited Remarkable Effects on Body Weight and Adiposity in DIO Male Rats
To examine the biological functions of soy isoflavones in male, we generated the DIO male rats with high fat diets. After seven-week feeding, they gained more body weight than the control ones ( Figure 1A) , and there was no statistical difference of food intake between the control and the DIO groups ( Figure 1B) . Then, the DIO male rats were randomly divided into the obesity control group (OB, hereafter) fed with the normal diet and the soy isoflavonesgroups fed with both the normal diet and different doses of soy isoflavones. We found that the middle dose of soy isoflavones (MSI, hereafter) and the high dose of soy isoflavones (HIS, hereafter) could significantly reduce the body weight of DIO male rats ( Figure 1C ), and there was no statistical difference of body weight between the low dose of soy isoflavones group (LSI, hereafter) and the OB group ( Figure 1C) , which was not consistent with the previous work done with Obese Male Zucker Diabetic Fatty (ZDF) rats [23] . Food intake was slightly reduced in MSI and HSI groups compared with that of the control group, and no statistical difference was found between the OB group and the soy isoflavones groups ( Figure 1D ). Obesity is always accompanied with high levels of triglycerides (TG, hereafter) and low-density lipoprotein (LDL, hereafter) in plasma. We observed a remarkable reduction of TG and LDL concentrations in the soy isoflavones groups, especially in MSI and HIS ones ( Figure 1E ,F). These data indicated that soy isoflavones could mitigate obesity in male rats.
Soy Isoflavones Could Reduce Lipid Accumulation in Livers of DIO Rats
Acting as a major organ for fatty acid metabolism, the liver is always abnormal in obesity patients. Fed with the high fat diet, the rats have shown an increased accumulation of lipids in livers with Oil Red O staining (Figure 2A,D) , while the addition of soy isoflavones to the diet could significantly improve this phenotype in a dose-dependent manner (Figure 2A,D) . Hematoxylin and eosin staining has also shown an increase of steatosis in the OC group, and less steatosis cells were detected in the soy isoflavones-fed groups ( Figure 2B ). Furthermore, daidzein and genistein, the common components of soy isoflavones, could obviously reduce the lipid accumulation induced by oleic acid (OA) in HepG2 cells ( Figure 2C ,E), and they did not affect the viability of cells ( Figure 2F ). These results suggested that soy isoflavones are involved in the lipid metabolism of hepatocyte cells.
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Effects of Soy Isoflavones on the Lipid Metabolism in the Liver and Adipose Tissue
Lipid metabolism refers to the processes that involve the synthesis and degradation of lipids. Liver is the major site for fatty acid synthesis and β-oxidation, and the white adipose tissue is the place for lipid storage. We have found that the expression of SREBP1, the key transcript factor for lipogenesis, was upregulated in the liver after high-fat diet feeding, and so did its target genes of lipogenic enzymes, ACC-1, ACC-2, ACL, and FASN ( Figure 3A) . Moreover, dose-dependent soy isoflavones have suppressed expressions of these genes ( Figure 3A) . Meanwhile, the expressions of β-oxidation-and ketogenesis-related genes ACSL1, ACSL4, and PPAR-α were decreased in the OC group, while the soy isoflavones increased these expressions in livers ( Figure 3B ). In white adipose tissue, the high-fat diet inhibited the expressions of lipolysis related genes, ATGL ( Figure 3D ), resulting in an increase of the average area of a single lipocyte ( Figure 3C ). After treating with soy isoflavones, the rats exhibited increased expressions of ATGL ( Figure 3D ), and a decrease of the lipocyte's average area ( Figure 3C ). PPARγ, the master regulator of terminal adipocyte differentiation, was upregulated after high-fat diet treatment, and exhibited a suppressed expression after soy isoflavones consumption ( Figure 3D ). Consistent with the gene expression, Western blots have revealed the same findings that 
Lipid metabolism refers to the processes that involve the synthesis and degradation of lipids. Liver is the major site for fatty acid synthesis and β-oxidation, and the white adipose tissue is the place for lipid storage. We have found that the expression of SREBP1, the key transcript factor for lipogenesis, was upregulated in the liver after high-fat diet feeding, and so did its target genes of lipogenic enzymes, ACC-1, ACC-2, ACL, and FASN ( Figure 3A) . Moreover, dose-dependent soy isoflavones have suppressed expressions of these genes ( Figure 3A) . Meanwhile, the expressions of β-oxidation-and ketogenesis-related genes ACSL1, ACSL4, and PPAR-α were decreased in the OC group, while the soy isoflavones increased these expressions in livers ( Figure 3B ). In white adipose tissue, the high-fat diet inhibited the expressions of lipolysis related genes, ATGL ( Figure 3D ), resulting in an increase of the average area of a single lipocyte ( Figure 3C ). After treating with soy isoflavones, the rats exhibited increased expressions of ATGL ( Figure 3D) , and a decrease of the lipocyte's average area ( Figure 3C ). PPARγ, the master regulator of terminal adipocyte differentiation, was upregulated after high-fat diet treatment, and exhibited a suppressed expression after soy isoflavones consumption ( Figure 3D ). Consistent with the gene expression, Western blots have revealed the same findings that the high fat diet treatment increased the protein level of ACL in liver, and reduced the protein levels of ACSL1 in liver and ATGL in white adipose tissue ( Figure 3E-H) . Meanwhile, the addition of soy isoflavones suppressed the protein level of ACL in the liver, and increased the protein levels of ACSL1 in the liver and ATGL in white adipose tissue ( Figure 3E -H). These findings have revealed an important role of soy isoflavones in controlling lipid metabolism in many settings, both lipogenesis and lipolysis, in the male obese rats. However, more work needs to be done to reveal the mechanism for how soy isoflavones regulate these processes.
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Soy Isoflavones Suppressed the Activity of mTORC1
Growing genetic and pharmacological evidence has demonstrated the functional importance of mTORC1 signaling in controlling mammalian lipid metabolism. Here, we showed that high-fat diet treatment increased mTORC1 activity in male rats, indicated by the phosphor-S6 protein levels ( Figure 4A,B) , and this induction occurs concurrently with the phosphorylation of AKT (S473 and T308) (Figure 4A,B) . The addition of soy isoflavones could remarkably suppress the protein levels of phosphor-S6 and phosphor-AKT (S473 and T308), which represents a decrease in activity of mTORC1. Furthermore, we observed a suppression of phosphor-S6, phosphor-AKT, and phosphor-mTOR in genistein treated HepG2 cells (Figure 4C,D) . Meanwhile, the phosphorylation of AKT and S6 was strongly increased in the insulin treated cells but not in the insulin and genistein treated ones ( Figure 4C,D) . These results display the inhibition function of soy isoflavones on mTORC1 activity. 
Growing genetic and pharmacological evidence has demonstrated the functional importance of mTORC1 signaling in controlling mammalian lipid metabolism. Here, we showed that high-fat diet treatment increased mTORC1 activity in male rats, indicated by the phosphor-S6 protein levels ( Figure 4A,B) , and this induction occurs concurrently with the phosphorylation of AKT (S473 and T308) ( Figure 4A,B) . The addition of soy isoflavones could remarkably suppress the protein levels of phosphor-S6 and phosphor-AKT (S473 and T308), which represents a decrease in activity of mTORC1. Furthermore, we observed a suppression of phosphor-S6, phosphor-AKT, and phosphor-mTOR in genistein treated HepG2 cells (Figure 4C,D) . Meanwhile, the phosphorylation of AKT and S6 was strongly increased in the insulin treated cells but not in the insulin and genistein treated ones ( Figure 4C,D) . These results display the inhibition function of soy isoflavones on mTORC1 activity. 
Discussion
The present study shows that soy isoflavone-based diets mitigate the abnormalities in the highfat diet induced obesity male rats. There are many disparities in the preview literatures account for the function of soy isoflavones in controlling body weight. Chen et al. [24] reported the positive regulation of isoflavones on body weight. We found the addition of soy isoflavones reduce the body the weight of DIO rats, accompanied with a decrease in plasma TG and LDL concentrations. However, these are inconsistent with some previous works in male pigs and ZDF rats, which have shown that the animals fed with soy isoflavones gain more body weight [23, 24] . Moreover, the consumption of soy isoflavones has been implicated in the changes in many endocrinologic, physiologic, and metabolic processes that affect human health [25] . A meta-analysis has indicated that soy isoflavones reduce the LDL concentration, but not triacylglycerol, in hypercholesterolemic patients [26] . Our work has shown that the DIO male rats fed with soy isoflavones have lower plasma LDL and triacylglycerol 
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Liver plays a major role in mammalian metabolism, especially in lipogenesis, lipid β-oxidation, and ketogenesis [27, 28] . In this present study, the DIO rats fed with soy isoflavones have less lipid accumulation and steatosis in livers, which indicates that soy isoflavones may promote the clearance of lipid droplets in obese male rats. These results are consistent with previous studies showing that soy isoflavones could reduce the formation of hepatic lipid droplets in the female rats [29] . Murosaki et al. reported that soy isoflavone could reduce the lipid accumulation in 3T3-L1 cells after differentiation to adipocytes [30] , and we have shown that the genistein and daidzein, the common components of soy isoflavones, could remarkably reduce the lipid accumulation induced by OA in HepG2 cells. These results suggest that soy isoflavones could be an effective way for controlling lipid metabolism.
Multiple research has revealed the potential mechanisms of soy isoflavones in regulating lipid metabolism. Most of them are focused on the transcription factor SREBPs, regulating metabolic enzymes, and the peroxisome proliferator-activated receptors (PPARs). We have found that the expression of SREBP1 and its downstream target genes (ACC, ACL, and FASN) are suppressed by soy isoflavone feed diets in DIO rats, which is consistent with previous works [31] . In vitro and in vivo studies have shown that soy isoflavones enhance the expressions and activity of PPARα and PPARγ [32] [33] [34] [35] , but we have found the DIO rats fed with soy isoflavones show increased PPARα expression in the liver and decreased PPARγ expression in white adipose tissue, accompanied with enhanced lipolysis and β-oxidation. These suggest that the soy isoflavones modulate the lipid metabolism via complicated mechanisms, which are PPAR-dependent and -independent. Genetic mouse models have also demonstrated that PPARs are sufficient, but not necessary, for soy isoflavones to regulate lipid metabolism [36] . Therefore, more work needs to be done to display the mechanisms that soy isoflavones are involved in.
It has been appreciated for some time that AKT/mTORC1 pathway plays a role in lipid metabolism, which regulates not only lipogenesis and lipolysis, but also adipogenesis and lipid transport [13] . Insulin activates mTORC1 through a pathway involving the Akt-mediated phosphorylation and inhibition of TSC2, which stimulates the global expressions of SREBP1 and SREBP2 targets and drives lipogenesis [37, 38] . Moreover, mTORC1 seems to suppress ketogenesis and fatty acid β-oxidation via its regulation of N-CoR1 and PPARα [27, 39] , and promote pre-adipocytes to mature adipocytes through both its inhibition of 4E-BP and its activation of PPARγ via a poorly understood mechanism [15, 40, 41] . Here we present that soy isoflavones suppress the activity of mTORC1, with a reducing phosphorylation of AKT, in DIO rats. The inhibitory effects on mTORC1 of soy isoflavones may possibly be attributed to their competitive binding to the growth factor receptors, because soy isoflavones could remarkably attenuate the activation of mTORC1 and the phosphorylation of AKT induced by insulin. Similar to estrogens, dietary soy significantly reduced cerebral edema and vascular apoptosis 24 h after stroke, accompanied by decreased VEGF receptor activation and suppressed phosphorylation of AKT [42] . These results together suggest that the suppression function of soy isoflavones on AKT/mTORC1 activation is widespread, but not tissue-specific.
Materials and Methods
Animal Care and Maintenance
All animal work was done in accordance with the Animal Care and Use Committee Guidelines of Sichuan Agricultural University, China. Eighty male Sprague Dawley (SD) rats (five weeks old) (Dashuo, China) were maintained in individual cages in a specific pathogen-free environment with an automatically-controlled 12-h light/dark cycle and free access to food and water for seven days. Then, they were randomly divided into the basal diet group (Table 1) (Dashuo, Chengdu, China; control, Ctr, n = 10) and the high fat diet group (basal diet, 69.5%; pork fat, 15%, sucrose, 15%; pig bile, 0.5%; n = 70). These rats were treated with the indicated diets for eight weeks to induce obesity, and the body weight was measured weekly. The criterion for the DIO rats is that the body weight of the rats of the high-fat diet group is 1.4 times more than that of the control group. The DIO rats were further randomly divided into four groups (n = 15/group), and they were fed with the basal diet with different doses of soy isoflavone additions (soy isoflavone extracts, North China Pharmaceutical Co., Ltd., Shijiazhuang, China) as described in Table 2 . The compounds of soy isoflavone extracts, as quantified by HPLC, are shown in Table 3 . After four weeks of feeding, these rats were decapitated for the subsequent experiments. Body weight and food intake were measured weekly. A blood sample was collected from the lateral tail vein. A 1-to 2-mm section was cut in the tip of the tail with a sterile scalpel blade. Blood was then milked from the base of the tail to the tip until a sufficient volume of blood was collected for blood biochemical analysis weekly (Beckman CX4, Indianapolis, IN, USA).
Histopathologic Evaluation
Part of the liver tissue was fixed in 4% paraformaldehyde before paraffin sections were performed. Then, the hematoxylin and eosin (H and E) staining was performed according to the instruction provided by the Manufacturer (Beyotime, Shanghai, China).
To detect the average area of a single lipocyte, adipose tissue frozen sections (30 µm) were prepared. The Sudan III staining was performed according to the instructions provided by the manufacturer (Beyotime). The average area of a single lipocyte was quantified by Image J software.
To detect lipid accumulation in the liver and HepG2 cells, liver frozen sections and HepG2 cells grow on cover glass were rinsed with distilled water, stained with 0.18% Oil-Red O (Sigma-Aldrich, St. Louis, MO, USA) with 60% 2-propanol (Sigma-Aldrich) for 20 min at 37˝C, and then rinsed with distilled water. The sections were mounted with glycerinated gelatin and photographed with a microscope (Nikon, Japan). The integral optical density (IOD) was quantified by the Image Pro Plus software (Media Cybernetics, Bethesda, MD, USA).
OA/BSA Complex Solution Preparation
OA/BSA complex solution was prepared according to a previously described method [43] . 100 mM OA stock solution was prepared in 0.1 N NaOH by heating at 70˝C in a shaking water bath. In a water bath at 55˝C, a 10% (w/v) FFA-free BSA solution was prepared in ddH 2 O. 20 mM OA containing 10% BSA was diluted in the culture medium to obtain the desired final concentration. The OA/BSA complex solution was sterile-filtered through a 0.45 µm pore membrane filter and stored at´20˝C.
Cell Culture
HepG2 cells were routinely cultured in DMEM (Gibco, Waltham, MA, USA) supplemented with 10% FBS in an incubator under an atmosphere of 5% CO 2 at 37˝C. To accumulate fatty acids, HepG2 cells were exposed to OA at a final concentration of 1 mM for 24 h. Then, daidzein or genistein was added to the cultures at the final concentration of 50 µM for another 24 h before Oil Red O staining was performed. To evaluate the suppression function of soy isoflavones, 50 µM genistein was added to the HepG2 cells and incubated for 24 h, and the insulin treatment was 12 h before genistein was added.
Quantitative Realtime PCR
Total RNA was extracted from the tissues using Trizol reagent (Invitrogen, Waltham, MA USA). RNA was subjected to reverse transcription with reverse transcriptase according to the manufacturer's instructions (Fermentas, Waltham, MA, USA). Quantitative real-time PCR was performed using the Bio-Rad iQ5 system, and the relative gene expression was normalized to internal control as β-Actin. Primer sequences for SYBR Green probes of the target genes are described in Table 4 . 
Cell Viability Assay
HepG2 cells were plated in 96-well plates. 48 h after daidzein and genistein treatment, cell viability was measured by Cell Counting Kit-8 (CCK-8) system (Dojindo, CK04-11, Minato-ku, Tokyo, Japan) according to the manufacturer's instructions. Briefly, CCK-8 solution (10 µL per 100 µL of medium in each well) was added, and the plates were then incubated at 37˝C for 1 h. The absorbance of each well was read at 450 nm using a microplate reader (Thermo, Waltham, MA, USA).
Western Blotting
Standard Western blotting procedures were carried out with the following antibodies: anti-ATP citrate lyase antibody (abcam, ab157098, Cambridge, MA, USA), anti-adipose triglyceride lipase antibody (abcam, ab109251), anti-hormone sensitive lipase antibody (Santa Cruz Biotechnology, sc-25843, Dallas, Texas, USA), anti-ACSL1 antibody (abcam, ab177958), anti-Phospho-Akt (Ser473) (CST, mAb #4060), anti-Phospho-Akt (Thr308) (CST, mAb #13038, Danvers, MA, USA), anti-Akt (CST, mAb #4691), anti-phospho-ribosomal protein S6 (Ser240/Ser244) (Millipore, 07-2113, Billerica, MA, USA), and anti-β-actin (Santa Cruz Biotechnology, sc-47778).
Statistical Analysis
Data represent the mean and standard error of the mean (SEM). One-way ANOVA and post hoc tests were performed for all statistical significance analysis using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). * p < 0.05, ** p < 0.01.
Conclusions
In conclusion, we have shown that the consumption of soy isoflavones could suppress the activity of mTORC1 via the AKT pathway, resulting in a decreased lipogenesis and adipogenesis, and an enhanced lipolysis and β-oxidation in DIO male rats. We reveal a new perspective of soy isoflavones in controlling lipid metabolism of obesity, and this will be important for clinical treatment of lipid abnormalities related disorders.
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